In February 2013, very severe acute clinical symptoms were observed in calves, heifers, and dairy cattle in several farms in North Rhine Westphalia and Lower Saxony, Germany. Deep sequencing revealed the coexistence of three distinct genome variants within recent highly virulent bovine viral diarrhea virus type 2 (BVDV-2) isolates. While the major portion (ca. 95%) of the population harbored a duplication of a 222-nucleotide (nt) segment within the p7-NS2-encoding region, the minority reflected the standard structure of a BVDV-2 genome. Additionally, unusual mutations were found in both variants, within the highly conserved p7 protein and close to the p7-NS2 cleavage site. Using a reverse genetic system with a BVDV-2a strain harboring a similar duplication, it could be demonstrated that during replication, genomes without duplication are generated de novo from genomes with duplication. The major variant with duplication is compulsorily escorted by the minor variant without duplication. RNA secondary structure prediction allowed the analysis of the unique but stable mixture of three BVDV variants and also provided the explanation for their generation. Finally, our results suggest that the variant with duplication plays the major role in the highly virulent phenotype.
I n February 2013, severe clinical symptoms, including bloody diarrhea, hemorrhages, and mucosal lesions, and a very high mortality rate were observed in calves, heifers, and dairy cattle in several farms in North Rhine Westphalia (NRW) and Lower Saxony, Germany. The first investigations revealed infections with a bovine viral diarrhea virus type 2 (BVDV-2) strain of the noncytopathogenic biotype, according to cell culture experiments (1) . Subsequently, BVDV infections with a mortality rate of approximately 40% were reported from the Netherlands (2) .
BVDV-1 and BVDV-2 belong to the genus Pestivirus within the family Flaviviridae and comprise a single-stranded positive-sense RNA genome of approximately 12.5 kb (3) . The genome encodes a polyprotein which is co-and posttranslationally processed by viral and host proteases into 12 proteins (NH2-Npro-C-Erns-E1-E2-p7-NS2-NS3-NS4A-NS4B-NS5A-NS5B-COOH) (4) . BVDV strains are further subdivided genetically into at least 16 subtypes (a to p) for BVDV-1 and three subtypes (a to c) for BVDV-2 (5) . Phenotypically, BVDV strains can be distinguished into two biotypes (cytopathogenic [cp] and noncytopathogenic [ncp]) depending on their effect on cell culture (6) (7) (8) (9) (10) , with the cytopathic phenotype being evoked by various mutations (reviewed in reference 5). BVDV is contagious and has the unique ability to produce persistently infected animals when infecting fetuses in the first gestation phase (11, 12) . These persistently infected animals constantly shed very large amounts of virus (13) . Cytopathogenic strains usually emerge de novo in persistently infected animals and cause a characteristic and severe clinical picture known as "mucosal disease" (14, 15) .
In Germany, about 95% of the circulating BVDV strains belong to BVDV-1, and only 5% represent BVDV-2 (1, 16) . In the past, severe acute infections seem to have been caused particularly by BVDV-2 (17) . Correspondingly, the only reported German case of severe acute BVDV infection was associated with a BVDV-2a strain (18) .
Here we analyzed isolates from a recent BVDV outbreak series by using next-generation sequencing. Furthermore, we used an available BVDV-2 reverse genetic system with a strain carrying a genome resembling the genomes of the recent highly virulent strains to provide more insights into the genetics of the observed unique virus mixture.
MATERIALS AND METHODS

Cells, viruses, and RNA extraction. Bovine esophageal cells (KOP-R cells;
also called RIE244 cells) were obtained from the Collection of Cell Lines in Veterinary Medicine (CCLV) at the Friedrich-Loeffler-Institut, Germany. Cells were grown in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% BVDV-free fetal calf serum (FCS) and were used for virus isolation and propagation and for transfection of in vitro-transcribed RNA. The isolated viruses from six calves from different farms analyzed in this study are listed in Table 1 . BVDV-2 wild-type strain 890 (v890WT) (19) was kindly provided by H. Hehnen (Bayer AG, Monheim, Germany). The recombinant virus v890FL was reconstituted after transfection of RNA transcribed from the infectious cDNA clone p890FL into KOP-R cells (20) . RNAs from cell culture supernatant and body fluids were extracted using TRIzol LS (Invitrogen, Life Technologies, Darmstadt, Germany) in combination with Direct-zol RNA columns (Zymo Research, Freiburg, Germany) or in combination with RNeasy minikit columns (Qiagen, Hilden, Germany).
Animal experiment. The animal trial was approved by the ethics committee of the responsible federal state, Mecklenburg Western Pomerania (approval no. LALLF, Az 7221.3-2.5-009/13). Eight calves were inoculated intranasally with 10 6 50% tissue culture infective doses (TCID 50 ) of the NRW 19-13-8 isolate. In order to simulate an emergency vaccination scenario, four animals were vaccinated at day 5 postinfection with a single dose of a BVDV live vaccine (Vacoviron; Merial, Lyon, France). Blood and organ samples were tested by reverse transcription-quantitative PCR (RT-qPCR), using a standardized protocol (21) .
Sequencing and sequence analysis. Deep sequencing was applied by using both 454 (FLX genome sequencer; Roche, Mannheim, Germany) and Illumina (MiSeq; Illumina, San Diego, CA) technologies. cDNA synthesis, library preparation, and pyrosequencing were performed as previously described (22) . For Illumina sequencing, the 454 libraries were transformed into Illumina libraries by using a Nextera XT kit (Illumina) according to the manufacturer's recommendations. Raw sequence data were analyzed and assembled using the Genome Sequencer software suite (v. 2.6; Roche). Phylogenetic analysis of the open reading frames of different BVDV strains was performed with MEGA 5 (23) . The TMHMM tool (24) in Geneious 6.1.2 (Biomatters Ltd., Auckland, New Zealand) was used for transmembrane prediction. For signal peptide prediction of potential cleavage sites, the Emboss tool sigcleave (25) in Geneious 6.1.2 was used. PCR amplicons of the p7-NS2 region were sequenced by classical Sanger sequencing with a BigDye Terminator v1.1 cycle sequencing kit (Applied Biosystems, Darmstadt, Germany). Subsequently, nucleotide (nt) sequences were determined with a model 3130 genetic analyzer (Applied Biosystems).
Variant quantification. For calculation of the variant distributions within isolates, RT-PCR of the p7-NS2 region was performed using primers 5=-TAC ATG ATA CTG TCT GAG CAG-3= and 5=-GCA GTT AAT ACT ACT GCT ACA G-3= for BVDV-2c and primers 5=-GCT GAC ACA CAG TGA TAT TGA GGT TGT GGT C-3= and 5=-GTC ACG TAG CTA GCC AGC AAA AG-3= for the BVDV-2a strain. The SuperScript III One-
Step RT-PCR system with Platinum Taq High Fidelity polymerase (Life Technologies, Darmstadt, Germany) was used for reverse transcription-PCR per the manufacturer's recommendations. In vitro-transcribed RNA was digested with DNase I (Invitrogen), and subsequently, RNA was purified with Agencourt RNAClean XP beads (Beckman Coulter, Krefeld, Germany) prior to PCR. PCR products were analyzed with a Bioanalyzer 2100 instrument (Agilent Technologies, Böblingen, Germany), using an Agilent DNA 7500 chip. Quantification of the PCR products was done using 2100 Expert software (version B.02.08.SI648 [SR2]; Agilent).
BVDV-2a 890 clone and transfection. BVDV-2a 890 (v890WT), a virulent noncytopathogenic strain, was isolated from a cow which died from acute infection. The BVDV-2a 890 open reading frame has a length of 11,922 nucleotides corresponding to 3,973 amino acids. The open reading frame is larger due to a 228-nucleotide insertion (19) . The BVDV-2a 890 cDNA clone p890FL (here designated p890FL dup ϩ ) was described by Mischkale et al. (20) . The cDNA clone p890FL dup Ϫ was generated by deleting one copy of the duplicated p7-NS2 region from p890FL dup ϩ by restriction-free cloning (26) . In vitro transcription of the cDNA was performed using the T7 RiboMax large-scale RNA production system (Promega, Mannheim, Germany) according to the manufacturer's instructions, after linearizing the plasmids with SmaI. The amount of RNA was estimated by ethidium bromide staining after agarose gel electrophoresis. For RNA transfection, bovine cells were detached using a trypsin solution, washed twice with phosphate-buffered saline without Ca 2ϩ and Mg 2ϩ (PBS Ϫ ), and mixed with 1 to 5 g of in vitro-synthesized RNA. Electroporation was done by using a GenePulser transfection unit (Bio-Rad Laboratories GmbH, Munich, Germany) (two pulses at 850 V, 25 F, and 156 ⍀). Supernatants of transfected cells were harvested at 72 h posttransfection, and serial passages of the recombinant virus v890FL were performed on KOP-R cells.
Nucleotide sequence accession numbers. All genome sequences generated in this study are available from the International Nucleotide Sequence Database Collaboration (INSDC) databases under accession numbers HG426479 to HG426495.
RESULTS
As the observed clinical picture was rather untypical for most BVDV strains, we conducted an animal experiment in order to clearly establish the isolated BVDV strain as the causative agent of disease. Interestingly, the postinoculation application of a live BVDV vaccine did not influence the clinical course, and all animals died acutely or had to be euthanized within 11 days, resulting in a mortality rate of 100%. All animals showed very high viral loads in blood and organs, with quantification cycle (C q ) values of Ͻ20 in the RT-qPCR, corresponding to about 10 5 genome copies per l blood. For comparison, the viral loads in blood of animals acutely infected with BVDV are usually approximately 10 1 to 10 2 genome copies per l. Hence, this experiment unequivocally confirmed the unusual phenotype for a representative recent German isolate ( Fig. 1 ). For detailed genetic characterization, complete viral genomes were deep sequenced directly from sample material from one euthanized calf and from the previously isolated field strains. 
Recent BVDV-2c strains carry a genomic duplication giving rise to a new protein.
In order to correlate the observed phenotype with a specific genotype, we applied deep sequencing of the complete genomes of four isolates, using both 454 and Illumina technologies. Sequence assemblies resulted in genome variants with (dup ϩ ) or without (dup Ϫ ) a 222-nt duplication within the p7-NS2 coding region. Figure 2 schematically depicts the dup Ϫ and dup ϩ variants at the nucleotide and amino acid levels, in comparison with a German prototypic BVDV-2c strain (Potsdam 1600) and a virulent noncytopathogenic BVDV-2a strain (BVDV-2a 890) (19) . Interestingly, both BVDV-2c dup ϩ and BVDV-2a 890 showed very similar duplications within the p7-NS2 coding region. Heretofore, BVDV-2a 890 was the only known strain with such a duplication (19) . Prediction of transmembrane helices (Geneious, v. 6.1.2) revealed a striking structural similarity of the resulting proteins of the two p7-NS2-duplicated strains ( Fig. 2B ). However, both mutants showed different adaptations in the primary structure ( Fig. 2B ). Comparison of the dup ϩ variant and the prototype BVDV-2c strain Potsdam 1600 unveiled a number of adaptive mutations within the second copy of the duplicated region, close to the p7-NS2 cleavage site ( Fig. 2 ), while the first copy, with a single exception, perfectly fitted the prototype genome. Signal peptides were predicted (Emboss sigcleave [25] ) for all genomes for both the prototypic and adapted p7-NS2 cleavage sites. Strikingly, comparison of the absolute scores calculated by sigcleave for the predicted signal peptides showed that in both BVDV-2c and BVDV-2a 890, the adapted signal sequences received higher scores than the prototypic copies. Figure 2 displays the locations of the predicted signal peptides by use of vertical black arrows sized relative to the Potsdam 1600 score (arrow sizes were calculated by determining the score StrainX /score Potsdam1600 ratio). According to the cleavage site prediction, the duplication putatively results in either an extended p7 or NS2 protein or an additional short protein, of 74 amino acids (NS2 1-37 -p7 34 -70 ), with a hydrophobicity pattern very similar to that of the p7 protein ( Fig. 2B) .
BVDV-2c isolates are a mix of three different genomic variants. In order to confirm the existence of the duplication within the p7-NS2 region, PCR followed by Sanger sequencing of the PCR products was done. Analyses of PCR amplicons confirmed the existence of the dup ϩ genome and clearly showed that both the dup ϩ and dup Ϫ variants coexisted in all samples from the recent outbreak ( Fig. 3A ; Table 1 ). Detailed analyses of the obtained deep-sequencing reads shed further light on the composition of the population. Due to specific sequence signatures, it was possible to sort the reads into different subpopulations. The first subpopulation comprised reads spanning the newly generated NS2-p7 fusion site plus at least 20 nt at either side. These were extracted from the complete data set and could be assembled into a single contig (a single contiguous sequence built from multiple short reads) representing nucleotides 3290 to 3721 of the dup ϩ open reading frame, thereby proving the existence of the dup ϩ genomes. The second subpopulation contained reads representing the duplicated p7-NS2 region, but without the newly generated NS2-p7 fusion site. Assembly of the reads representing the second subpopulation resulted in dup Ϫ full-genome sequences with either an adapted or nonadapted p7 cleavage site. Accordingly, reads of the second subpopulation could be subdivided further by the existence of adaptive mutations. In-depth analysis of the sequencing reads clearly showed that the mutations at positions 143, 149, and 155 in p7 ( Fig. 2A) were strictly linked. The mutations at positions 4 and 14 in the NS2-encoding region ( Fig.  2A) were likewise strictly coupled. In contrast, mutations at positions 61 and 64 in NS2 ( Fig. 2A ) could not be found together in a single read but, rather, were mutually exclusive.
The dup Ϫ genomes could be distinguished based on the different patterns of mutations found in the different copies of the duplicated region (Fig. 4A ). As mentioned above, reads representing the dup ϩ genome can be identified by the unique NS2-p7 fusion site. By analogy, reads representing either of the possible dup Ϫ genomes must have certain combinations of nucleotide variations arising from combinations of the different modules (p7 100 -210 copies 1 and 2 and NS2 1-111 copies 1 and 2). As can be seen in Fig.  4A , the dup Ϫ 1 variant comprised a G64A mutation within its NS2 1-111 module as the single variation and was flanked by the original context at its 3= end, i.e., flanked by NS2 112-453 instead of the NS2-p7 fusion site. The dup Ϫ 2 variant ( Fig. 4A ) contained six mutations scattered across the p7 100 -NS 111 region in the dup ϩ second copy and was flanked by the original p7 1-100 module, instead of the newly arisen fusion site, at its 5= end. Finally, the dup Ϫ 3 variant ( Fig. 4A ) was reflected by reads with A4G, C14T, and T61G mutations in the NS2 1-111 module but was flanked by a completely prototypic p7 100 -210 module, i.e., without the T143C, T149C, and G155T mutations within that region. However, none of the reads encompassing p7 100 -210 and NS2 1-111 represented the first, i.e., unmutated, copy of the p7 100 -210 module and, at the same time, the A4G and C14T mutations within NS2 . Therefore, analysis of the sequence reads obtained from deep sequencing enabled us to rule out the existence of the dup Ϫ 3 variant. Altogether, from our in-depth analysis, it was concluded that three different genome variants existed in the populations: the genome with a duplication (dup ϩ ), in which adapted and nonadapted p7-NS2 cleavage sites coexisted in a single genome in a fixed order, as well as a mixed population of two different genomes without duplication (dup Ϫ ), with either an adapted or nonadapted p7-NS2 cleavage site ( Fig. 4A) .
dup ؊ genomes are generated de novo from dup ؉ genomes during replication. The observation that the dup Ϫ genomes comprised either the adapted or nonadapted p7-NS2 cleavage site im- plied that the dup Ϫ genomes were generated de novo during replication by deletion of either of the copies. To confirm this theory, we used the cloned BVDV-2a 890 strain (p890FL) as a model system. For this purpose, PCR products were generated from RNA derived from v890FL dup ϩ after 2, 3, and 4 cell culture passages. RNA from v890FL after the first passage was not analyzed because the results would not be reliable due to in vitro-transcribed RNA from transfection remaining in the preparation. In parallel, we generated PCR products from v890WT, p890FL dup ϩ , and in vitro-transcribed RNAs thereof, with p890FL dup Ϫ as a control. These PCR products were analyzed using an Agilent Bioanalyzer 2100 and by sequencing. As expected, both p890FL dup Ϫ and p890FL dup ϩ contained only one variant each (Fig. 3B, lanes 3 and  4) , i.e., the variant encoded by the plasmid. Not surprisingly, v890WT showed PCR products for both dup ϩ and dup Ϫ genomes (Fig. 3B, lane 2) , confirming the general mechanism of the generation of dup Ϫ from dup ϩ genomes. Most importantly, this analysis revealed that during replication, v890FL dup ϩ constantly generated dup Ϫ genomes (Fig. 3B, lanes 6 to 8) . Surprisingly, in vitro transcription of p890FL dup ϩ by T7 DNA-dependent RNA polymerase also generated dup Ϫ variants (Fig. 3B, lane 5) . Therefore, it can be concluded that a single mechanism enables the de novo generation of dup Ϫ genomes both in vitro and during viral replication.
The dup ؉ genome is obligatorily accompanied by a dup ؊ genome. Interestingly, neither a dup ϩ nor dup Ϫ genome alone could be found within any of the recent highly virulent BVDV-2c isolates, but both genomes were obligatorily accompanied by each other (Fig. 3A) . Despite all efforts, we did not succeed in isolating a pure dup Ϫ variant (data not shown). The first attempts to separate dup Ϫ from dup ϩ genomes were limiting-dilution experiments using 10-fold serial dilutions in 96-well microtiter plates with KOP-R cells. We then tried molecular cloning with the model system, i.e., generation of a plasmid-borne complete genome (p890FL dup Ϫ ) from which virus might be rescued in cell culture after transfection of in vitro-transcribed RNA. However, in contrast to efficient rescue of the v890FL dup ϩ variant, we were not able to rescue v890FL dup Ϫ from several independent clones and transfection experiments. A reason for the failure to isolate a dup Ϫ strain might possibly be replication incompetence of the dup Ϫ variants caused by the observed adaptive mutations, i.e., dup Ϫ strains might need a helper virus for their replication. In addition, as dup ϩ genomes constantly generate dup Ϫ genomes de novo during replication ( Fig. 3) , it was not possible to isolate dup ϩ genomes from dup Ϫ genomes.
RNA secondary structure enables copy deletions. We hypothesized that the deletions might be facilitated by genomic secondary structures. In order to test this hypothesis, we used mfold RNA folding (27) for secondary structure prediction within the duplicated p7-NS2 region, flanked by 111 nt at each side. Figure  4B displays the predicted secondary structures in circle graphs. In these graphs, the bases are arranged clockwise along the outer circle, and each arc within the circle represents an interaction between two bases. The color of each arc indicates the predicted base pairing (red ϭ G-C, blue ϭ A-U, and green ϭ G-U). For convenience, the interacting regions that enable the deletion of either of the copies are highlighted in red on the outer circle ( Fig. 4B ). All predicted secondary structures enable the generation of dup Ϫ 1 and dup Ϫ 2 genomes, but not dup Ϫ 3 genomes, by bringing corresponding regions of the two copies into close proximity, thereby providing an opportunity for the polymerase to circumvent one of the copies during replication. Although base interactions are not found exactly at the start positions of the duplicated modules ( Fig.  4B and C) , elimination of the bases between interacting sites results in the observed mutation patterns of dup Ϫ genomes. During synthesis of the negative strand, generation of dup Ϫ 2 genomes would occur, while dup Ϫ 1 genomes would be generated during positive-strand synthesis. dup ؉ genomes are the major component of the virus population. As shown above, dup Ϫ genomes are probably generated from dup ϩ genomes during replication of the virus. Therefore, we were interested in the proportions of dup ϩ and dup Ϫ genomes. Quantification of the portions of the different genomes (dup ϩ , dup Ϫ 1 , and dup Ϫ 2 genomes) was possible based on the analysis of reads from deep sequencing, representing the different combinations of the modules. According to in-depth sequence analysis (see above), the portion of dup Ϫ genomes within BVDV-2c isolate NRW 19-13-8 was estimated to be approximately 1%. Moreover, we were interested in the portions of dup Ϫ 1 and dup Ϫ 2 genomes within isolate NRW 19-13-8. Therefore, we sequenced the dup Ϫ PCR product excised from an agarose gel with Illumina MiSeq sequencing to a sequence depth of roughly 68,000. Within this data set, we identified approximately 33% dup Ϫ 2 and 66% dup Ϫ 1 genomes based on the mutation patterns described above.
Because the estimation of the dup ϩ and dup Ϫ proportions was not possible for all isolates due to insufficient sequence depth, as an alternative measure, we quantified the dup ϩ and dup Ϫ genomes of the different isolates based on PCR products in combination with Agilent Bioanalyzer 2100 analysis ( Fig. 3 ; Tables 2 and  3 ). Qualitative and semiquantitative PCR analyses of the isolates of the recent outbreak (Fig. 3A, lanes 3 to 6) , virus reisolated from an experimentally infected animal (Fig. 3A, lane 7) , and the reference strain Potsdam 1600 (Fig. 3A, lane 1) showed that in all isolates except for Potsdam 1600 (only dup Ϫ genomes), both dup ϩ and dup Ϫ genomes were present. Agilent quantification of PCR products revealed similar and surprisingly stable proportions (approximately 5% dup Ϫ and 95% dup ϩ genomes) compared to sequence read analysis of BVDV-2c. For v890WT in comparison with BVDV-2c, we found a clearly larger proportion of dup Ϫ genomes (33%) (Fig. 3B, lane 2) . In the rescued v890FL dup ϩ strain, the mix of dup ϩ and dup Ϫ genomes was as stable as the mix for BVDV-2c through different passages, with about 75% dup ϩ and 25% dup Ϫ genomes (Fig. 3B, lanes 6 to 8) . As expected, 100% of the respective PCR products were detected for the controls, p890FL dup Ϫ and p890FL dup ϩ (Fig. 3B, lanes 3 and 4) .
Recent BVDV-2c strains are closely related to one another. Finally, phylogenetic analysis of the full-length dup ϩ and dup Ϫ genome sequences (MEGA 5) (20) (Fig. 5 ) confirmed the preliminary results for the 5=-untranslated region (1) . Sequences of recent highly virulent isolates clustered closely with various prototypic German BVDV-2c strains (Fig. 5 , "References, Germany"; also see Table 1 ) but formed their own subcluster within this group. Sequence identities of dup Ϫ genomes and German BVDV-2c references ranged between 97.4% and 98%. For dup ϩ genomes, the identity decreased to 95.6% to 96.2% due to the duplication.
DISCUSSION
Severe BVDV outbreaks with type 2 strains have been described before (28) , but detailed sequence analysis by deep sequencing, to our knowledge, was not used before to characterize the full-length genomes of the causative strains. Therefore, we applied next-generation sequencing to define the genetic properties of the isolated BVDV strain. Interestingly, deep sequencing resulted in several novel findings and revealed two major important points: (i) the majority of BVDV-2c strains have a characteristic duplication of 222 nt within the p7-NS2 region (dup ϩ variant), and the minority (less than 5%) resembles the genome of related BVDV-2 strains which are normally not highly virulent (dup Ϫ variants); and (ii) the dup ϩ variant is the source for the de novo generation of the dup Ϫ variants during virus replication. This could be proven by using the available infectious clone system (20) for BVDV-2a 890 (p890FL dup ϩ ), which constantly generates the dup Ϫ variant during virus replication. As a consequence of the constant de novo generation of dup Ϫ genomes by deletion of the duplication from dup ϩ genomes, the virus variants cannot be separated. A separate investigation of the dup ϩ variant, e.g., concerning virulence, is therefore impossible. Although individual characterization of dup ϩ or dup Ϫ genomes is not feasible, it is very unlikely that the increased virulence of the mixed population is caused by the dup Ϫ variant, for two important reasons. (i) The observed constantly low percentage of 5% or even less of the virus population for all tested highly virulent isolates does not provide an indication for dup Ϫ genomes as the cause of high virulence. (ii) The genome structure of dup Ϫ genomes fits the well-known prototypic structure of BVDV-2 strains, for which, in the vast majority of cases, no high virulence was reported (28) . Our results also clearly show that the existence of the dup ϩ and dup Ϫ variants is always linked. The dup Ϫ variants are therefore not ancestors of the duplicated variant, as we initially expected, but rather the duplicated genome is the source of the versions without duplication. The fact that the percentage of dup Ϫ genomes remains constant for different isolates, both after animal infection and cell culture passaging and in the different field isolates, argues for an equilibration between dup ϩ and dup Ϫ genomes and for a marked replication advantage of the dup ϩ virus. We therefore concluded that the dup ϩ variant alone or the dup ϩ variant together with the less prominent dup Ϫ variant is responsible for the observed phenotype.
A duplication resembling that of recent BVDV-2c strains was reported previously (19) , but only the dup ϩ variant was detected. Interestingly, we were also able to detect a dup Ϫ variant in the available BVDV-2a 890 wild-type virus isolate (v890WT) by PCR analysis and subsequent sequencing of the PCR products. Ridpath and Bolin (19) concluded that the duplication was not a prerequisite for virulence, since five other virulent BVDV-2 isolates were negative when tested for the presence of the insertion. However, it could not be excluded that the duplication is a crucial factor for the respective strain or strain composition and is therefore directly linked with high virulence. The pathogenesis of BVDV-2c behind the observed clinical picture in both experimental and field infections might be caused by mechanisms similar to those discussed for highly virulent classical swine fever viruses, which are related pestiviruses (29) . As a main factor, a higher replication efficacy together with immunopathogenic mechanisms, including cytokine dysregulation, are assumed (30) . Additional studies looking for immunotolerant persistently infected calves in the outbreak region, as well as molecular attenuation of the original isolates, will allow further insights. For members of other virus families, duplications have been reported before, either for complete genes (31) (32) (33) or for only parts within open reading frames (34) (35) (36) , and in some cases were also connected to very high virulence. For example, Perdue and colleagues (35) reported a highly pathogenic influenza virus in which the polybasic cleavage site was generated by duplication of part of a purine-rich region.
In most cases, BVDV variants with insertions, point mutations, or duplications in the nonstructural proteins are observed in cytopathic (cp) strains isolated from animals suffering from the socalled mucosal disease (15) . In these cases, a cp strain is generated de novo from the persisting noncytopathic (ncp) virus, resulting in a "matching pair" of cp and ncp viruses which finally kill the host.
Several different cp variants have been described, including viruses with sequence duplications, and the p7-to-NS3 genome region is the region affected most often (37, 38) . A similar mechanism probably led to the generation of a noncytopathogenic highly virulent virus variant by duplication within the p7-NS2 region. Similar BVDV-2c strains without duplication were isolated in Germany (e.g., the Potsdam 1600 strain), and most likely, an inconspicuous persistently infected calf was the source of the novel variant, which subsequently spread to other farms.
Interestingly, the duplication occurred upstream of the known "hot spot" region for cp BVDV (37) . The observed unique adaptive mutations in the p7-NS2 region are remarkable, since the p7-encoding genome part, in general, appears to be highly conserved in all pestiviruses (39) . Only these very specific single nucleotide polymorphisms (SNPs) allowed the detection and differentiation of the duplicated genome parts by deep sequencing. In addition, these changes are unique, and these combinations of SNPs cannot be found in any other pestivirus sequence in the databases, proving that they are most likely the consequence of an adaptation to the duplicated sequences. We therefore cannot exclude that besides the duplication, these adaptive SNPs especially are important for the very virulent phenotype. Furthermore, our results fuel the implication of the p7-NS2 duplication in the highvirulence phenotype, which was controversially discussed before (19) .
We showed that de novo generation of two of the three theoretically possible dup Ϫ variants indeed occurs during viral replication of the dup ϩ genome. dup Ϫ genomes are also produced by T7 DNA-dependent RNA polymerase in vitro during transcription of viral genomes from the cloned virus. In addition, we have a clear indication that RNA secondary structures possibly easily enable the generation of the two deleted variants, during minusand plus-strand synthesis. The observed proportions of 33% dup Ϫ 2 genomes, generated during negative-strand synthesis, and 66% dup Ϫ 1 genomes, generated during positive-strand synthesis, are in accordance with the data of Gong and colleagues (40) , who reported that for BVDV, synthesis and accumulation of positivestrand viral RNA are 2-to 10-fold higher than those of negativestrand viral RNA. The mechanism of RNA polymerase "jumping" at RNA secondary structures was also suggested for the generation of the above-mentioned highly pathogenic avian influenza virus (35) . By analogy, the mechanism underlying the initial duplication could be an intermolecular interaction between similar genomic regions leading to recombination of two genome copies during replication. This would be the reverse of what is shown in Fig. 4 for RNA secondary structures that enable the deletion of either of the copies. The introduction of the adaptive mutations after the insertion of the duplication would then be accomplished easily during genome replication by the error-prone viral RNAdependent RNA polymerase. These different lines of argument indicate a general mechanism for the introduction of variations into viral genomes that is dependent on the viral RNA polymerases and their immanent errors in combination with nucleic acid secondary structures. Unfortunately, the de novo-generated BVDV-2c dup Ϫ variants could not be separated from the dup ϩ variant, and it could therefore not be proven if autonomous replication and virus growth are supported by these genomes. This might be caused by the adaptive SNPs in the duplicated region or elsewhere in the genome. The constant but minor presence of the dup Ϫ variants in all tested isolates of both BVDV-2 strains could also be an indication of a reduced replication activity of the dup Ϫ genome variants.
At the amino acid level, the duplication can possibly lead to an extended p7 or NS2 protein. The extended p7 or NS2 protein would occur if the nascent polyprotein were cleaved at only one of the two cleavage sites indicated in Fig. 2B . Alternatively, the duplication could give rise to an additional short protein (NS2 1-37 -p7 34 -70 ), which would be generated by cleavage of the polyprotein at both predicted cleavage sites (Fig. 2B ). According to transmembrane segment prediction, this potentially newly arising NS2 1-37 -p7 34 -70 fusion protein clearly resembles the p7 protein. Thus, it can be speculated that an additional protein (NS2 1-37 -p7 34 -70 ) is processed which structurally fits the p7 protein. As p7 is assumed to act as a so-called "viroporin" and is involved in virus assembly and release (41, 42) , a new p7-like protein would be a hint for more effective assembly and release and could therefore cause a higher level of virulence. However, future investigations are especially necessary in order to elucidate the functional consequences of the duplication for protein processing and functionality.
In conclusion, we describe here a very detailed deep-sequencing analysis of a unique pestivirus strain composition connected with extreme virulence for cattle, demonstrating the importance of next-generation sequencing for the analysis of novel and unexpected genomes. Our study emphasizes the importance of fullgenome deep sequencing in combination with manual in-depth data analysis for the investigation of viruses in basic research and diagnostics.
